We discuss effects of shock propagation on neutrino (ν) oscillation in supernova environment, which affects directly ν-induced nucleosynthesis. Since electron number density varies rapidly behind and in front of the shock, multiple resonances of mixing angles by adiabatic and/or nonadiabatic electron density change can occur during the shock propagation. In this work, we report detailed analysis of the ν oscillation in matter and the ν-induced nucleosynthesis by the shock propagation. The shock effects increase abundances by about 16% of 138 La, 14% of 92 Nb and 7% of 98 Tc, whose main synthesized region is O-Ne-Mg layer in our supernova model. Here, we adopt a simple thermal bomb hydrodynamic model and the normal ν-mass hierarchy.
Introduction
Since the discovery of all neutrino (ν) mixing angles and their partial mass differences which properly elucidated the ν oscillation in free space, understanding of the ν oscillation in matter [1] has been extensively discussed in neutrino physics as well as astrophysics. In particular, supernova (SN) neutrinos are supposed to propagate in a dense matter shocked by the core collapsing SN explosion and change their flavors. Most of the calculations assumed that variations of matter density by the shock (SH) propagation do not affect so much the ν properties during the propagation if the SH propagation is adiabatic. However, some hydrodynamic (HD) models employed in the SN explosion calculation may have some non-adiabatic as well as adiabatic properties in the SH propagation. In this paper, we try to understand quantitatively the effect of the SH propagation in the ν process.
Already there appeared many analytical studies about the ν oscillation taking into account the adiabatic or non-adiabatic ν-matter eigenstates due to the shocked matter density [2] [3] [4] [5] . These studies have been applied to the Sun in order to solve the solar neutrino problem more precisely because the solar electron density (n e ) is known to slowly vary. For non-adiabatic change of density, the Landau-Zener (LZ) crossing formula [4] , P = exp(−πγ/2), is very useful for the ν-flavor transition in matter, which implies a kind of transition (or flavor-flip) probability among the ν-matter states by the nonadiabatic change of matter. The γ is an adiabatic parameter depending on the adiabaticity, i.e. whether they are adiabatic or non-adiabatic process. The ν-mixing stemming from the adiabatic parameter is calculated by the diagonalization of the total neutrino Hamiltonian including the varying matter density. Through the LZ formula, we can determine whether the ν-mass eigenstates are mixed and the flavor transition probability is flipped or not, i.e. undergoes non-adiabatic process for a given density profile [5] . This ν flip-probability has been analytically discussed in Refs. [3, 4] .
Understanding of ν oscillation in matter is not just limited to the purpose of solving the solar-ν problem, but also unavoidable for explaining the ν-induced nucleosynthesis [6, 7] as well as the ν detection on Earth [8] . In this study, we focus on the ν oscillation in matter owing to the SH propagation during SN explosion. It turns out that the n e profiles given by the HD models play a crucial role of inducing the ν-flavor flip due to the SH in the ν-oscillation resonance region and affect the subsequent ν process.
Neutrino oscillation by shock wave propagation
Here, we adopt the SN 1987A model, which has 6 M He-core [9] . The reaction network for the explosive nucleosynthesis calculation is the same as that used in Ref. [7] . In this study, the most effective physical quantity is the density profile during the SN explosion given by adopted HD models, for which we use the public blcode with the initial density profile in Ref. [9] . This HD result [10] is derived assuming a simple thermal bomb based on a spherical symmetric Lagrangian HD, whose result is shown in Fig. 1 (a) . For the ν-oscillation calculation, we adopt the standard ν-mixing and mass parameters in free space from Ref. [11] and perform calculations for 3-flavor neutrinos within the normal mass hierarchy (NH). With our model parameters, the level cross diagrams for adiabatic approximation are presented in Fig. 1 (b) . 
Non-adiabatic and adiabatic flavor conversion
When the Hamiltonian varies slowly, quantum states follow the adiabatic theorem. However, during SN explosion, because of the SH propagation, the n e proportional to the baryon density can be changed rapidly, so that the neutrino (quantum) eingenstates can be mixed because of the rapid variation in n e . A change of the mixing angle can be large enough to neglect the nonadiabatic property due to the small mixing angle (SMA) in Ref. [12] . The adiabatic condition is given as follows:
where ∆E means an energy transition gap between matter states and ∆t = ∆r/c = δne ne (n e / dne dr )/c is transition time. During the ν oscillation in matter, the suddenly varied density profile does not cause a full flavor-conversion in the resonance region, which is called ν-flip probability [5] . In the resonance region, the adiabatic parameter γ is defined as [4] 
where ∆m 2 ij and θ ij are squared mass differences and vacuum mixing angles. The high (H) resonance is for the case of i = 3 and j = 1. For γ 1, the resonance follows the adiabatic approximation (adiabatic theorem), by which a strong flavor transition occurs and the flavor-flip probability is nearly zero. However, in the case of γ ≈ 1 or < 1, the states can be mixed so that the ν-flavor transition does not fully occur, i.e. non-adiabatic.
Flavor transition probability
Our results of the ν oscillation at t = 0 and t = 3 s are shown in Fig. 2 . Panel (b) shows the multiple resonances for electron neutrino at t = 3 s after SH propagation. We obtain the flavor transition probabilities among electron, muon and tau ν flavors. The first resonance occurs in the inner region near 1.65 M because the n e in the present model decreased just after the SH and reached a resonance density. In the region near the resonance, the adiabatic parameters are γ ≈ 1.63-4.8, so that the flavor transition is not totally operative. However, these values are large enough to neglect the non-adiabatic process because, if we take a linear density profile for n e , the flip probability P f = exp(− π 2 γ) can be applicable and its value is 8×10 −2 ∼ 5 × 10 −4 . However, if we take other density profiles [5] , the probability can be changed more or less.
Nevertheless, as a result of the first ν-flavor transition at M r = 1.65 M , the electron neutrinos become more energetic due to the flavor change stemming from the mostly adiabatic SH before the next flavor transition (ν resonance). In the region around 3.3 M , the 2 nd ν-flavor oscillation occurs and the electron neutrino returns to its initial flux before the third resonance near to 4.7 M . The interesting point in this HD model is that the first resonance resembles the MSW region estimated by the other HD model used in our previous calculation [7] . These resonance effects are reflected in results of the ν process in Fig. 3 . 
Neutrino-induced reactions for nuclei
For charged-and neutral-current reactions induced by neutrinos for the nuclei, we used a QRPA model [13] for the cross sections and a HauserFeshbach calculation by the CCONE nuclear reaction calculation code for decay channels of the compound nuclei [14] . This QRPA method has been successfully applied to describe the relevant neutrino-induced reactions, not only for light nuclei [15] , but also for heavy nuclei such as, 138 La and 180 Ta [16] .
We generated ground and excited states of a target nucleus by applying a one-quasiparticle creation operator to an even-even core nucleus that was assumed to be in the Bardeen-Cooper-Schrieffer ground state. We include neutron-proton (np) pairing as well as neutron-neutron and proton-proton pairing correlations to treat odd-A and odd-odd nuclei in the same framework. In medium or medium-heavy nuclei, the np pairing is usually expected to contribute to some extent to the relevant transitions because of the small energy gaps between the proton and neutron energy spaces. For two-body interactions inside nuclei, the Brueckner G-matrix was employed by solving the Bethe-Salpeter equation based upon the Bonn CD potential for the nucleon-nucleon interactions in free space.
Neutrino-nucleus reaction rates and synthesized elements
The ν-flavor transition in Fig. 2 changes the ν-reaction rates in Fig. 3 (a) , where y-axis means the reaction rate multiplied by 4πr 2 to cancel a local dependence of the flux and divided by the luminosity at t = 0, L 0 , in Ref. [17] . In the ν-reaction rate including the oscillation effects by the SH propagation, two physical quantities play vital roles. First is the luminosity which decreases exponentially along with the SH wave propagation time. For example, after t = 7 s, the ν luminosity decreases by a factor of about 10 from the initial luminosity. Second is the decreased n e which induces the 1 st ν-oscillation resonance region and makes the higher energy ν e flux after passing this region around M r ∼ 1.65 M before reaching the next resonance. As shown in Fig. 3 (a) , the reaction rate for 138 La decreased exponentially at t = 1 and 2 s since there are no flavor changes due to the SH propagation. However, at t = 3 s after SH propagation, when the ν luminosity is only 37% of the initial value, the n e decreases to the resonance density, so that the oscillation effect increases the reaction rate. As a result, a reaction rate comparable to that at the initial SH wave is obtained in inner region. The increase in outer region above 3.6 M comes from the MSW effects in the O-Ne-Mg layer.
Finally, we apply the reaction rate changed by the SH wave from t = 0 to 7 s to the explosive nucleosynthesis calculation. Figure 3 (b) shows abundances of the synthesized elements with and without SH wave effect on ν oscillation. Inside M r = 3.3 M , the reaction rates are increased compared to those without SH wave propagation, so that the abundances increase. However, in the region of 3.6 M < M r < 4.7 M , where the 2 nd resonance occurs, the ν spectra return to the original ν spectra and the abundances decrease, although the reaction rates decrease slightly by the SH.
Summary and conclusion
In this work, we argued that non-adiabatic change of matter (electron) density affects the ν oscillation in matter, which is called ν-flavor flip. The effect turns out to depend on the matter potential shape. A bomb type HD model employed in the present calculation has a steep decrease in n e just behind the shock passage, which gives rise to a resonance at M r = 1.6 M . Because of the suddenly decreasing electron density, the non-adiabatic process or the ν resonance occurs at the early SH propagation time. In fact, even in this region, adiabatic property dominated the SH property. This increased the electron ν density by about 10%, and affects the heavy ν-elements nucleosynthesis because the luminosity was not lost so much as that at t = 3 s. Finally, this effect has been applied to the neutrino-process, especially, for the elements related to ν-induced reactions. The abundances are increased by about 7% at least and 16% at most. However, this effect depends strongly on the HD model. The collective oscillations are not taken into account because in the NH scheme they do not play a role. Detailed results will be presented elsewhere.
